ABSTRACT: A hypothesis that eicosapentaenoic acid + docosahexaenoic acid (EPA+DHA) lower plasma cholesterol via increased expression of the Insig-1 gene with ensuing decrease of expression of genes coding for 3-hydroxy-3-methyl-glutaryl-CoA reductase (Hmgcr) and low density lipoprotein receptor (Ldlr) was tested in rats fed a diet with 3% of fish oil (FO). Expression of the Insig-1 gene in the liver of the FO-fed rats was 730% (P < 0.05) of the control. However, contrary to the hypothesis, expression of the Hmgcr gene and Ldlr gene was 165% and 210% of the control (P > 0.05). Nevertheless, FO in the diet decreased (P < 0.05) plasma cholesterol of rats by 10% (from 1.19 to 1.07 mmol/l); it was therefore concluded that the cholesterol-lowering effect of EPA+DHA is at least partly based on mechanisms other than tested in the present experiment.
INTRODUCTION
Effect of the principal components of fish oil (FO), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) on cardiovascular diseases risk decrease has been repeatedly reported (Givens and Gibbs 2008) . The underlying biochemical and molecular mechanisms that can explain cardioprotective effects of EPA and DHA in the rodent models and humans have recently been reviewed (Komprda 2012) . The effect of EPA/DHA on blood lipid level is based on the action of these PUFAs n-3 as ligands of the various isoforms of peroxisome proliferator-activated receptor (PPAR), and on modulation of the signalling pathway of the transcription factor sterol response element-binding protein (SREBP) (Jump 2008) .
Regarding plasma triacylglycerol (TAG) levels, the protective effect of EPA/DHA is sufficiently explained: PPARα activation and inhibition of the SREBP-1 signalling pathway stimulates fatty acid (FA) β-oxidation and inhibits FA synthesis with the final result of decreased serum TAG (Jump 2008) .
The situation is much less clear as far as cholesterol is concerned (Komprda 2012) . A principal transcription factor binding the promoter region of the genes coding for proteins controlling cholesterol homeostasis (3-hydroxy-3-methyl-glutaryl-CoA reductase HMG-CoA-R, low density lipoprotein receptor LDL-R) is SREBP-2 (Nakamura et al. 2004) . SREBP-2 released from the endoplasmic reticulum and consequently its activation in the Golgi apparatus is affected by an amount of protein INSIG (insulin-induced gene), product of the Insig gene (Sato 2010) . SREBP-2 is not directly ligated by EPA/DHA; a relationship, still not unequivocally explained, between PPARα ligation and SREBP-2 activation is presumed (Luci et al. 2007 ). suggested presence of a PPAR-responsive sequence in the Insig-1 gene promoter.
Still not fully explained molecular mechanisms controlling cholesterol homeostasis are complemented by contradictory results regarding studies evaluating effects of EPA/DHA on plasma total cholesterol (TC), high density lipoprotein-cholesterol (HDL-C), and low density lipoprotein-cholesterol (LDL-C) both in rats and in humans. Fish oil (FO) in the rat diet decreased plasma TC in most of the recent studies (Lu et al. 2011; Ferramosca et al. 2012; Xiao et al. 2012) . On the other hand, regarding studies in humans, EPA/DHA either reduced TC and LDL-C (Lopez-Huertas 2009) or increased both TC and LDL-C and HDL-C (Maki et al. 2003) or no change in TC and slight increases in HDL-C and LDL-C, respectively were established (Eslick et al. 2009 ).
Following hypothesis (based e.g. on the data of Konig et al. 2007 ) was tested in the present experiment: EPA+DHA (FO constituents), which are natural ligands of PPARα, ingested by rats in an amount achievable within an ordinary way of nutrition activate this transcription factor, which leads to an increased expression of the Insig-1 gene with a consequence of decreased amount of the nuclear form of SREBP-2; a decreased expression of the Hmgcr and Ldlr genes ensues, with a consequence of decreased cholesterol synthesis and increased plasma cholesterol clearance.
MATERIAL AND METHODS
Animals, diets, analyzed tissues. Adult (56 days) male rats of the laboratory strain Wistar Albino (produced by Bio Test Ltd., Konárovice, Czech Republic) were used. Rats were randomly divided into three groups with ten animals each and housed in plastic boxes (53.5 × 32.5 × 30.5 cm) per five animals in a room maintained at 23 ± 1°C, humidity 60%, and 12/12 h light-dark cycle (maximum intensity of 200 lx). The experiments were performed in compliance with the Czech National Council Act No. 246/1992 Coll. to protect animals against cruelty, the amended Act No. 162/1993 Coll., and were approved by the Commission to protect animals against cruelty of the Mendel University in Brno.
The basic feed mixture, pelletized complete chow for mice and rats (Biokron, Blučina, Czech Republic), was composed of wheat, oat, wheat sprouts, soybean meal, extruded soybean, maize, dried milk, dried whey, dried yeast, grounded limestone, monocalcium phosphate, feed salt, l-lysine hydrochloride, and premix of vitamins and minerals. The experimental diet was formed by admixing of 3% of salmon oil to the chow (F). The chow with 3% of palm oil (P) served as a negative control with a presumed cholesterol-increasing effect. The chow with an adequate amount of maize starch to render the diet isocaloric was designated as a control (C). Composition of the diets is shown in Table 1 ; fatty acid content is presented in Table 2 .
The mean initial (56 days) live weight of the C-, F-, and P-rats was 368 ± 4, 366 ± 4, and 373 ± 4 g, respectively. The animals were fed daily ad libitum and had free access to drinking water. Feed consumption was measured daily; animals were weighed in weekly intervals. At the end of the experiment lasting 48 days, after the 12-h fasting, blood samples were collected by cardiac puncture under anesthesia with isoflurane into the heparin-coated test tubes and centrifuged at 200 g at 4°C for 10 min to obtain plasma. Liver was removed and RNA was isolated immediately from an aliquot of 1 g.
Quantification of the gene expression in the liver. Total RNA was isolated using RNeasy Lipid One μg of the isolated RNA was reverse transcribed using Omniscript RT Kit (Qiagen) and oligo-dT primers. Obtained cDNA was used for quantitative PCR with specific primers for the rat Insig-1 gene (fw TCTTCCCGGACGAGGTGATAG, rev AGCTGCACATTATTGGCGAAAT), Hmgcr gene (fw AAGGGGCGTGCAAAGACAATC, rev ACACGGCACGGAAAGAACCATAGT), Ldlr gene (f w GGACAAGTCGGACGAGGAGAA , rev AGCTGATGCACTCCCCACTGT), PPARα gene (fw GCCTTGTCCCCACATATTCG, rev AGAGGAGAGTTCCGGAAG), SREBP-2 gene (fw ATCCGCCCACACTCACGCTCCTC, rev GGC-CGCATCCCTCGCACTG), and housekeeping gene Actb (fw AGAGGGAAATCGTGCGTGAC, rev GTTTCATGGATGCCACAGGATT).
The reaction mixture was as follows: 1 μl of cDNA, 0.2 μl of AmpErase ® Uracyl N-glycosylase (Applied Biosystems, Foster City, USA), 10 μl of Power SYBR ® Green PCR Master Mix (Applied Biosystems), 0.2 μl of each primer (mol/μl), 8.4 μl of H 2 O. All analyses were carried out on the 7500 Real-Time PCR System (Applied Biosystems) under the following conditions: 2 min of UNG incubation at 50°C, 10 min at 95°C, 40 cycles of 15 s at 95°C, 30 s at specific annealing temperature that was either 65°C (expression of the Insig 1 and Ldlr gene) or 60°C (expression of both remaining genes), and 30 s at 60°C.
Effectivity of each reverse transcription reaction was calculated based on the standard curve method using decimal dilution of the input cDNA. The specificity of each PCR fragment was verified by the sequencing using BigDye ® Terminator v3.1 Cycle Sequencing Kit and ABI PRISM ® 3100-Avant Genetic Analyzer (Applied Biosystems). The measured C T data were analyzed by considering the basal condition as the reference value for relative amount of the gene expression determined under each condition.
Changes in the gene expression were calculated on relative basis in relation to the level of expression of a given gene in the liver of the control rats.
Cholesterol determination. Total plasma cholesterol (TC), LDL-cholesterol (LDL-C), HDL-cholesterol (HDL-C), and plasma triacylglycerol (TAG) were determined by the enzymatic-colourimetric method using an automated chemical analyzer BS-200 (Mindray, Shenzhen, China) and commercial kits (Greiner Diagnostic GmbH, Bahlingen, Germany).
Fatty acid determination. Total lipid extraction from the liver, fatty acid derivatization, and fatty acid determination were performed strictly according to the protocol described in the paper of Komprda et al. (2013) .
Statistical evaluation. One-Way Analysis of the Variance ratio test, including Tukey's post-hoc test (STATISTICA, Version 8, 2007) , was used for evaluation of differences between the dietary interventions. Relationships between tested traits were assessed using correlation analysis.
RESULTS
Feed intake, weights. Average daily feed intake did not differ (P > 0.05) between dietary groups and was 25 ± 2, 23 ± 1, and 24 ± 2 g/day in the C-, F-, and P-rats. Dietary intervention had no significant effect (P > 0.05) either on the average daily weight gain (2.99 ± 0.19, 3.01 ± 0.12, and 3.25 ± 0.19 g) or on the final live weight that reached the value of 512 ± 13, 511 ± 9, and 529 ± 11 g in the C-, F-, and P-rats, respectively.
Gene expression. Relative expression of the genes coding for PPARα and SREBP-2 in the liver of the FO-fed rats was 47% and 57% as compared to the control; due to the great variability of the C T values, the differences were insignificant (P > 0.05).
Relative expression of the Insig-1 gene in the liver of rats fed the diet with 3% of fish oil was 730% of expression of this gene in the control rats (P < 0.05); however, an assumption that an over-expression of the Insig-1 gene leads to down-regulation of the Hmgcr gene and Ldlr gene, respectively was not confirmed (Figure 1) . Expression of the Hmgcr gene and Ldlr gene in the liver of the FO-fed rats was 165% and 210% relative to the expression of these genes in the liver of the control rats; again, the differences were insignificant (P > 0.05) due to the great variability of the C T values within each tested group of rats.
Plasma cholesterol. Plasma levels of total cholesterol and its fractions in LDL and HDL are shown in Figure 2 (including TAG; however, this marker was not analyzed in a more detail from the reasons mentioned in Introduction).
FO in the diet decreased (P < 0.05) total plasma cholesterol and LDL cholesterol in rats by 10 and 12%, respectively as compared to the control diet; HDL-C was not changed by the dietary intervention.
Liver fatty acids: relationships to plasma cholesterol and gene expression. Fatty acid content in the rat liver is shown in Table 3 .
Relative level of expression of the Insig-1 gene in the liver was in a positive relationship (P < 0.05) to EPA and DPA (docosapentaenoic acid) content in this tissue (r = +0.27 in both cases). EPA content in the liver of the rats fed the diet with fish oil was 13 times higher (P < 0.05) than in the liver of the control rats (Table 3) . These data correspond with the differences (P < 0.05) in the Insig-1 gene expression between the F-and C-group of rats. On the other hand, no relationship (P > 0.05) between DHA content in the liver and the Insig-1 gene expression was established. Negative correlation (P < 0.05) to the Insig-1 gene expression in the liver was found in the case of myristic acid (14:0; r = -0.37) and oleic acid (18:1n-9; r = -0.37). Figure 1 . Expression of the genes presumably controlling cholesterol homeostasis C = rats fed the control diet (n = 10), F = rats fed the control diet with 3% of fish oil (n = 10), P = rats fed the control diet with 3% of palm oil (n = 10), PPARα = peroxisome proliferator-activated receptor α, SREBP-2 = sterol response element-binding protein 2, Insig-1 = insulin-induced gene-1, Hmgcr = 3-hydroxy-3-methyl-glutaryl-CoA reductase, Ldlr = low density lipoprotein receptor *amount of mRNA in the sample differed from the control (P < 0.05), NS Relative expression of the Hmgcr gene correlated positively (P < 0.05) with the liver content of stearic acid (18:0; r = +0.24), linolenic acid (18:2n-6; r = +0.31), and DHA (r = +0.23). Positive correlation (P < 0.05) with liver stearic acid (r = +0.25) and linolenic acid (r = +0.22) and negative correlation with liver myristic acid (r = -0.24) was found in the case of the Ldlr gene expression.
As far as plasma cholesterol is concerned, both total cholesterol and LDL cholesterol was negatively (P < 0.05) correlated with liver content of all tested PUFAn-3 (r = -0.41 to -0.47) and also of linoleic acid (r = -0.26).
Regarding the relationship between expression of the tested genes and plasma cholesterol, the only significant (P < 0.05) correlation found was that between the Insig-1 gene and LDL cholesterol (r = -0.26).
DISCUSSION
Feed intake. No significant effect of the FO addition in the diet on daily weight gain or final live weight of rats found in the present experiment was reported also by Yamazaki et al. (2011) and Campioli et al. (2012) . On the other hand, FO decreased body weight of rats in an experiment of Lu et al. (2011) . Moreover, FO can have an antiobesity effect in obese mice (Arai 2009a) .
Daily FO intake in F-group of rats (1.57 g per kg of live weight and day) established in the present study was slightly higher than in the experiment of Yamazaki et al. (2011) , 1 g/kg of live weight and day, which the authors labelled as a "lower-dose FO supplementation".
EPA+DHA intake in the F-group of rats (23 + 37 = 60 mg/day) was substantially lower in the present study in comparison with the results of Lu et al. 2011 (169 mg/day), but comparable with an experiment of Popovic et al. 2011 (75 mg/day) .
Gene expression. Actb gene was used as an endogenous control in quantitative real-time PCR in the present study based on the results of the similar experiments measuring an effect of dietary PUFA n-3 on expression of genes controlling cholesterol homeostasis (Densupsoontorn et al. 2007; FernandezAlvarez et al. 2011; Lecker et al. 2011; Lu et al. 2011 ): none of the quoted authors reported any change of this housekeeping gene due to the addition of n-3 PUFA.
The fact that, similarly to our data, PPARα gene expression was not induced in EPA-fed mice in the experiment of Sugiyama et al. (2008) was surprising. PPARα mRNA in the n-3 PUFA-fed rats was similarly unaltered in the experiment of Lu et al. (2011) . According to Takahashi (2011) , n-3 PUFA are able to directly bind PPARα and stimulate its activity; an increase of the PPARα gene expression is therefore not essential to stimulate activities of the target enzymes. Nevertheless, Takahashi (2011) reported higher amount of PPARα mRNA in FO-fed rats as compared to palm oil, the results opposite to the present study. Hirako et al. (2010) found PPARα gene expression in FO-fed mice 175% of the control.
Regarding SREBP, Caputo et al. (2010) , using PPARα antagonist, argued that an effect of EPA/DHA on SREBP-1c expression is not mediated through PPARα action. On the other hand, Fernandez-Alvarez et al. (2011) reported that PPAR/RXR heterodimer activated SREBP-1c promoter and a PPARα agonist increased SREBP-1c expression in the rat liver.
Though the SREBP-2 mRNA in the liver of the FO-fed rats was less than 60% of the control in the present study, the differences were not significant, similarly to an experiment of Hirako et al. (2010) , where SREBP-2 expression was not influenced by FO in mice. On the other hand, both Arai et al. (2009a) and Arai et al. (2009b) reported a decrease of SREBP-2 mRNA in EPA/DHA-fed mice. Similarly, SREBP-1c and SREBP-1 mRNA decreased in the liver of the FO-fed rats (Takahashi 2011 ) and n-3 PUFA-fed rats (Lu et al. 2011 ), respectively. SREBP-2 protein was not quantified in the present study, similarly to the experiments of Arai et Table 3 . Fatty acid content in the liver of rats fed the control diet (C) and the control diet with either 3% of fish oil (F) or 3% of palm oil (P) (mean ± standard error of the mean) Hirako et al. (2010) . However, Sugiyama et al. (2008) , who also reported no effect of EPA on SREBP-2 gene expression in mice, found highly reduced protein amount of the mature SREBP-2; the authors (Sugiyama et al. 2008) admitted their unsuccessful identification of the key molecules mediating EPA function on SREBP-2 processing, but suggested post-transcriptional suppression of SREBP-2 by EPA in the presence of PPARα. Lu et al. (2011) found a decrease of an amount of both the precursor and the nuclear SREBP-1 protein in their experiment. It is worthy to mention in this context an effect of concentration: Caputo et al. (2010) reported a decrease of both SREBP-1 mRNA and SREBP-1 protein in human hepatoma treated with EPA/DHA, but only in concentration of 50μM and not in concentration of 25μM.
The up-regulation of the Insig-1 gene by FO in the present experiment ( Figure 1 ) agrees with the data of Konig et al. (2007) who found increased Insig-1 gene expression in the rat hepatoma cell line after activation of PPARα. Similarly, Botolin et al. (2006) reported transiently induced Insig-1 mRNA in rat hepatocytes after DHA treatment. On the other hand, the recent experiments testing an effect of FO on the gene expression in mice (Arai et al. 2009a, b; Hirako et al. 2010) found decreased Insig-1 gene expression.
The results of the present experiment regarding rat liver Hmgcr gene (Figure 1 ) do not agree with the data found in mice, where Hmgcr gene expression was decreased by EPA/DHA (Arai et al. 2009a) , by menhaden oil (EPA) (Arai et al. 2009b) , by FO (Hirako et al. 2010) or by EPA alone (Sugiyama et al. 2008) . On the other hand, only tuna oil (DHA), but not menhaden oil (EPA) decreased expression of Ldlr in the study of Arai et al. (2009b) . Plasma cholesterol. Plasma TC level of the FOfed rats in the present experiment (1.07 mmol/l; Figure 2 ) is approximately in the middle of the range of the results of similar experiments (FO-fed rats; all data recalculated to mmol/l): 3.22 (Lu et al. 2011 ) → 2.45 (Ferramosca et al. 2012 ) → 2.36 (Xiao et al. 2012 ) → 2.04 (Campioli et al. 2012 ) → 1.01 (Yamazaki et al. 2011 ) → 0.98 (Takahashi 2011 ) → 0.54 (Popovic et al. 2011) .
The same is true regarding plasma LDL-C in the present experiment (0.75 mmol/l; Figure 2 ): the results of the similar experiments with the FO-fed rats are between 1.84 mmol/l (Xiao et al. 2012) and 0.23 mmol/l (Popovic et al. 2011) , the value reported by Campioli et al. 2012 (0.81 mmol/l) being very similar to our data.
Published data regarding HDL-C also vary conspicuously between 1.11 mmol/l (Ferramosca et al. 2012 ) and 0.17 mmol/l (Popovic et al. 2011) , with the level found in the present experiment (0.35 mmol/l) approximately in the middle.
Taking into account possible methodical incompatibilities of the published papers (direct determination of all cholesterol fractions using preparative ultracentrifugation or calculation of the LDL-C fraction; recalibration of the commercial apparatuses usually designed for determination of human samples for the rat plasma samples or lack of thereof ), more important than the comparison of the absolute values are likely the differences between plasma markers of the FO-fed rats and the control rats found within a given experiment.
Similarly to the present study (Figure 2 ), FO in the rat diet decreased plasma TC also in most of the recent studies (Lu et al. 2011; Takahashi 2011; Campioli et al. 2012; Ferramosca et al. 2012; Xiao et al. 2012 ). However, Yamazaki et al. (2011) and Campioli et al. (2012) did not find differences in TC between the FO-fed rats and the control rats. A possible reason in the case of the experiment of Yamazaki et al. (2011) was a low FO intake (1 g per kg of live weight and day); however, FO intake was only slightly higher in the present experiment (1.57 g per kg of live weight and day).
According to Konig et al. (2007) , plasma cholesterol in rats is decreased due to the PPARα activation and ensuing SREBP-2 reduction, which leads to a decreased cholesterol synthesis; Sugiyama et al. (2008) mention a TC decrease in mice only in the presence of PPARα (in the wild-type mice, but not in the PPARα null mice).
Another explanation of the plasma cholesterol reduction in rats by FO is the possibility that FO facilitates in the liver cholesterol secretion into bile acids due to the up-regulation of the cholesterol transporters (Takahashi 2011) . Sugiyama et al. (2008) concluded that apart from cholesterol biosynthesis, many other mechanisms participate in cholesterol homeostasis (bile acid synthesis, bile secretion) and the mechanism of the hypocholesterolemic effect of EPA is not fully understood (though it is different from fibrates).
Moreover, a TC decrease in some experiments of this type (n-3 PUFA-fed rats) need not be due to n-3 PUFA at all, but e.g. due to different qualities of micronutrients: addition of the cold-pressed flaxseed oil to a rat diet decreased plasma TC in comparison with the control rats fed a diet with totally refined flaxseed oil in an experiment of Xiao et al. (2012) .
Conclusions of Ramprasath et al. (2012) that PUFA-rich diets decrease plasma total cholesterol (in this case in humans) independently of changes in cholesterol absorption or synthesis are in agreement with our data, namely the FO tendency to up-regulate rat liver Ldlr and Hmgcr gene, respectively (Figure 1) .
Because the method of LDL-C determination is not clear from most of other similar papers, only HDL cholesterol fraction is discussed.
In summary, the results of experiments evaluating an effect of FO on HDL-C in rodents are ambiguous. Both Yamazaki et al. (2011) and Campioli et al. (2012) did not find a difference in plasma HDL-C in the FO-fed and the control rats, similarly to our data. On the other hand, Popovic et al. (2011) and Xiao et al. (2012) reported an increase of this marker in the rat plasma after FO intake. Contrary to the above-mentioned results, Takahashi (2011) found a decrease of this parameter from 1.56 mmol/l (palm oil-fed rats) to 0.58 mmol/l (FO group). Similar conclusions reported also Kamisako et al. (2012) in mice fed a diet with FO in comparison with soybean oil-fed control: FO decreased plasma HDL-C from 1.50 to 0.56 mmol/l.
As far as an interspecies comparison is concerned, an increase of HDL-C due to EPA/DHA intake follows from human clinical studies (metaanalysis of Jacobson et al. 2012) . Zhang et al. (2009) suggest in this context that hamsters are a better model than rats for studying plasma cholesterol-lowering effect of functional foods because they synthesize and excrete cholesterol (and bile acids) in a manner similar to humans.
CONCLUSION
Regarding the hypothesis tested in the present experiment (EPA+DHA increase expression of the Insig-1 gene in the rat liver, which leads to suppression of the Hmgcr gene and Ldlr gene with a consequence of decreased plasma cholesterol), only the first and the last step was confirmed. Therefore, it can be concluded that the cholesterol lowering effect of fish oil is at least partly based on mechanisms other than tested here. However, the inconclusive results of the present study agree with often contradictory literature data discussing all steps of the putative signalling pathway from EPA/DHA to plasma cholesterol both in rodents and in humans, including the statement that mechanism of a hypocholesterolemic effect of EPA/DHA in rodents (and humans) has still not been fully understood.
